Background: Genotype imputation from single-nucleotide polymorphism (SNP) genotype data using a haplotype reference panel consisting of thousands of unrelated individuals from populations of interest can help to identify strongly associated variants in genome-wide association studies. The Tohoku Medical Megabank (TMM) project was established to support the development of precision medicine, together with the whole-genome sequencing of 1070 human genomes from individuals in the Miyagi region (Northeast Japan) and the construction of the 1070 Japanese genome reference panel (1KJPN). Here, we investigated the performance of 1KJPN for genotype imputation of Japanese samples not included in the TMM project and compared it with other population reference panels.
Background
Genotype imputation is an important step in current genome-wide association studies. Imputation accuracy, as well as genomic coverage of highly accurate imputed genotypes, confers elevated statistical power in association tests. [1] The choice of a haplotype reference panel to maximize imputation performance has often been debated. [2] [3] [4] Haplotype reference panels are used to identify haplotypes of individual genomes genotyped by single-nucleotide polymorphism (SNP) arrays, and then to estimate the genotypes missing in the SNP array data. Thus, to enable high-density genotype imputation for SNPs with minor allele frequencies (MAFs) > 1% in a population, reference panels are constructed preferably based on the whole-genome sequencing (WGS) of large samples. The influence of panel selection on imputation accuracy in terms of panel size and ancestry matching between the panel and study samples has been assessed by cross-validation. [5] The results showed that better imputation performances were achieved when more samples from various populations were included in the reference panel. Thus, along with improved algorithms for genotype imputation using large panels, great efforts are being made to construct large reference panels for highly accurate genotype imputation, such as that by the Haplotype Reference Consortium. [4] In addition, several cohort studies have been conducted using WGS to construct better, more detailed haplotype reference panels. [2, 6] These studies suggest that increasing the sample sizes of population-specific haplotype reference panels is more effective for improving genotype imputation accuracy than aggregating the haplotype collection from worldwide resources, because the focus is then on specific populations. Although recent studies in human population genetics have revealed clear regional variation in haplotype diversity, even within a single population, [7] the influence of such variation on imputation performance has not yet been assessed.
The Tohoku Medical Megabank (TMM) project was launched in 2011 to investigate effects in the aftermath of the Great East Japan Earthquake in the Miyagi and Iwate prefectures (Northeast Japan). The TMM project developed prospective cohorts in these two prefectures [8] with the aim of aiding in the establishment of precision medicine in this region. To contribute to this, the WGS of 1000 human genomes from individuals in the Miyagi region was undertaken (beginning in 2015) and a 1070 Japanese genome reference panel containing haplotype information was constructed using this data (the 1KJPN panel). [9] In a previous study, we reported the imputation performance using the 1KJPN panel was better than the performance using the 1000 Genomes Project phase 1 panel [10] . We also designed a custom SNP array for a Japanese population (the Japonica array). [11] The 1KJPN panel consists of haplotypes derived from a cohort of participants in the Miyagi Prefecture, which has approximately 5% of Japan's total population. However, it is not known how much region-specific sampling for a reference panel affects the performance of genotype imputation for samples collected nationwide.
In this study, we evaluated the imputation performance of the 1KJPN panel for participants from three areas other than Miyagi, namely, Iwate, Nagahama (Kinki region, south-central Japan), and Aki (Shikoku Island) ( Fig. 1a ). We also extended the 1KJPN panel by adding haplotype information from the samples from these three other areas to assess imputation performance given the haplotype variations across the different areas.
Results

Customized reference panel construction
We performed WGS for all the available samples from Iwate, Nagahama, and Aki to construct an extended haplotype reference panel (1KJPN+ panel; Fig. 1a ). After removing one Aki sample because of the cryptic relatedness of another member of the cohort, the 1KJPN+ panel consisted of 2560 haplotypes from 1280 samples (1070, 136, 39, and 35 samples from Miyagi, Iwate, Nagahama, and Aki, respectively). We also compared our panels with the phase 3 panel of the 1000 Genomes Project [12] (1KGPp3 panel).
Genetic diversity of Japanese and other east Asian populations
We compared the diversity of Japanese populations (namely, the Miyagi cohort used to construct 1KJPN and other Japanese populations) with the diversity of populations from elsewhere in East Asia to determine how 1KJPN might reflect these populations. Principal component analysis (PCA) plots with 35,596 SNP genotypes (not indels) on chromosome 1 (see methods) are shown in Fig. 1b . The proportion of variance explained by the first and second principal components was 15.4 and 3.53%, respectively. Japanese individuals from Aki, Iwate, and Nagahama who were newly added to the dataset were clustered with the Miyagi population (= 1KJPN) but separated from other East Asian populations analyzed in the 1000 Genomes Project. Indeed, the Miyagi samples overlapped with most of the other Japanese populations, as shown in Fig. 1c , which is a magnified view of the Japanese populations in Fig. 1b . This indicates that the 1KJPN population is sufficiently similar to populations elsewhere in Japan and that 1KJPN can be used as genomic data representative of the whole Japanese population in mainland Japan.
Genetic diversity in Miyagi and other parts of Japan
The genetic differentiation of samples in four parts of Japan was investigated in terms of fixation index (F ST ) and haplotype sharing. Although the PCA did not provide sufficient resolution to separate the samples into the four discrete areas (Fig. 1c ), the F ST values were in good agreement with the geographic locations (Table 1) . For instance, the F ST value between Miyagi and Iwate, which are adjacent prefectures, was the smallest (0.000345) among all pairs of areas examined, which corresponds to the findings in a recent study. [13] of F ST values among the four regions exceeded the F ST between the CHB (Han Chinese in Beijing) population in the 1000 Genome Project and our Japanese samples (F ST = 0.00777; Additional file 1: Table S1 ), indicating that 1KJPN may be an appropriate reference panel for the population of mainland Japan. When we analyzed all the 1070 Miyagi samples using fineSTRUCTURE [14] , the samples from Miyagi and Nagahama were assigned to the same cluster, whereas most of the samples from Aki formed a distinct cluster (Fig. 2 ). In this analysis the majority of Aki samples formed a distinct cluster from the other populations, indicating the Aki population from Shikoku Island may be somewhat distinct from the Honshu populations (Iwate, Miyagi, and Nagahama; Fig. 1a ). These results show that, in Japan, a large collection of genomic DNA samples from a region the size of a prefectural (around 2% of the Japanese population) may have genetic diversity similar to that of the Japanese population as a whole.
Moreover, we chose 288 of the 1070 samples from Miyagi residents whose maternal grandmother was also born in Miyagi Prefecture to analyze haplotype sharing among the four Japanese regions using fineSTRUCTURE [14] (Additional file 2: Figure S1 ). We identified four clusters and found that the cluster positions corresponded to the geographic relationship among the regions. For example, cluster A consisted of samples from Iwate and Miyagi, which are adjacent prefectures, whereas cluster B was dominated by Miyagi samples with small numbers of Iwate and Nagahama samples. However, further investigation is needed to clarify whether the cluster separation among the regions, as shown in Additional file 2: Figure S1 , comes from the simple reduction of analyzed individuals, the increase of the Miyagi-specific population, or both.
1KJPN genotype imputation efficiencies and effects of genetic differences
To evaluate the difference in imputation performance of the samples from different regions, the aggregate of Pearson's correlation coefficient (r 2 ) values of imputed variants was compared among samples from different areas ( Fig. 3 ). Imputation accuracies among samples from the four areas were comparable (r 2 = 0.9891, 0.9881, 0.9875, and 0.9878 for Miyagi, Iwate, Nagahama, and Aki, respectively) for common SNPs (non-reference allele frequency > 5%), whereas the accuracies differed among samples from these areas for lower frequency Genotype imputation is difficult for rare variants, so this decrease in aggregate r 2 values was expected. However, SNPs with about 1% MAFs were efficiently imputed with 1KJPN for the Nagahama and Aki samples ( Fig. 3 ; r 2 values around 0.75). These results indicate that 1KJPN is adequate for use as a reference panel for populations from mainland Japan.
To assess the improvement in imputation accuracy gained by adding haplotypes from a different population, genotype imputation accuracies were compared among different reference panels as follows: 1KJPN consisting of 1070 Miyagi samples; 1KJPN+ consisting of 1KJPN and the three other Japanese populations analyzed in this study; and 1KGPp3, the phase 3 panel of the 1000 Genome Project (Fig. 4 ). Imputation accuracy with the 1KJPN+ panel was better than that with the 1KJPN panel and the improvement was prominent for rare variants. The r 2 of rare variants with 1KJPN+ improved to 0.7269, 0.7485, 0.6639, and 0.7037 for Miyagi, Iwate, Nagahama, and Aki, respectively, compared with the r 2 obtained with 1KJPN. For the three reference panels, the imputation coverage (proportion of variants with confidence: imputation r 2 ≥ 0.8) across different non-reference allele frequency bins as well as the number of variants that were efficiently imputed are shown in Additional file 3: Table S2 . Our results suggest that the addition of samples from other parts of Japan is necessary to further improve 1KJPN as a reference panel for the entire Japanese population. On careful examination, we found several flip-flops occurred between 1KJPN and 1KJPN+ for alleles with high frequencies; for example, Nagahama samples with MAFs around 0.050 (Fig. 4 ). This may be caused by the design of 1KJPN, which targets the imputation of SNPs with relatively low frequencies (MAF ≥0.5%). [11] .
SNPs that differentiate between Miyagi and Nagahama or Aki
The efficiency of 1KJPN as a reference panel for genotype imputation for most Japanese has been shown, [9] and is considered to sufficiently cover SNPs with about 1% MAFs in the Japanese population. However, two medically relevant questions remain unanswered, namely, how many susceptibilities? To answer these questions, we listed the SNPs that segregate in 1KJPN and exhibit statistically significant differences (p < 10 − 7 ) in allele frequencies between Miyagi and Nagahama or Aki ( Table 2) . We detected fewer than 10 SNPs that were present in the Nagahama or Aki population but absent in the Miyagi population (1KJPN), and these SNPs had no exonic variants ( Table 2) .
Deep-coverage WGS (approximately 30×) of an individual genome can detect very rare variants that were not identified previously. We collected the SNPs not found in 1KJPN (Miyagi population) but found multiple times among the Iwate, Nagahama, and Aki populations ( Table 3 ). The average numbers of such non-1KJPN SNPs were higher in the Aki and Nagahama populations than in the Iwate population, which corresponds to the F ST data (Table 1, Fig. 1c ). This indicates that the addition of samples from distant areas was more effective for collecting rare variants than the addition of samples from neighboring areas. Among the rare variants, functionally important SNPs that caused amino acid changes or premature stop codons were very rare (0.05 to 0.26 SNPs per genome). The data indicate that there are few deleterious mutations in Japanese from other parts of the country that are not found in 1KJPN. In other words, 1KJPN may be sufficiently comprehensive for genotype imputation for most genome-wide association studies on the population of mainland Japan.
Discussion
We evaluated the influence of genetic diversity on the accuracy of genotype imputation among populations from different parts of Japan. Previous studies reported clear genetic differentiation between individuals from Okinawa (Ryukyu area) and individuals from the rest of Japan (Hondo), but genetic differentiation among local regions in the Hondo area has been reported to be very low and not to show distinct clusters. [15, 16] In this study, however, we found genetic clusters separated in accordance with geographic location (Miyagi, Iwate, Nagahama, and Aki) using a haplotype-based statistical method [14] (Fig. 1b ). Among these areas, genetic diversity was shown to be correlated with geographic distance; for example, the Miyagi and Iwate populations were genetically closer than any other pair of areas. The differences in imputation accuracy with the 1KJPN panel among samples from these regions (Fig.  3) were also consistent with this diversity. Because the 1KJPN panel contains samples only from the Miyagi area, more haplotype segments were shared with this area than with other regions. Notably, the imputation accuracy of the Iwate samples was very close to that of the Miyagi samples, even though the Iwate samples are not included in the 1KJPN panel. This is consistent with another report showing that genetic similarities among subpopulations were correlated with geography on the Japanese archipelago. [13] These observations support the idea that ancestry matching between the subjects of genotype imputation and the donors of genomic data for a whole-genome reference panel is effective for improving imputation accuracy, especially for low-frequency and rare variants.
We demonstrated that haplotypes specific to samples in a local area had substantial impact on imputation performance, especially for low-frequency and rare variants. As mentioned above, genetic differentiation within the Hondo population was small in terms of SNP frequency, but apparent when haplotype sharing between samples was considered. Because imputation algorithms essentially rely on haplotype sharing between the reference panel and the study samples, the genetic differentiation between 1KJPN and other Japanese regions might have been substantial. Our results show that the imputation accuracy for common variants was only marginally affected by the combination of the panel and the area (Fig. 3) , and by the addition of region-specific haplotypes to the panel (Fig. 4 ), suggesting that the common haplotypes contained in the 1KJPN panel cover the haplotype diversity of the Hondo area. However, the imputation accuracy of low frequency and rare variants improved when area-specific haplotypes were added to the 1KJPN panel. This means that long-persisting yet rare haplotypes may exist in each area, and that the imputation accuracy can be improved when matching the haplotype panel and samples in that area. These results provide important information for future extension of haplotype reference panels in population cohorts. 
Conclusions
Our data suggest that 1KJPN can cover most of the variants found in the samples from other areas in the Japanese mainland outside of Miyagi and that 1KJPN can be used as a representative of the Japanese population's genomes, making it is useful genome reference panel for other parts of the Japanese mainland. We also showed that the addition of samples not included in 1KJPN improved imputation efficiencies for SNPs with MAFs under 1% from most of the Japanese archipelago.
Methods
Sample preparation
The haplotype reference panel (1KJPN panel) was constructed from the whole-genome sequences of 1070 participants from the prospective cohort study of the TMM project. [9] All samples in this panel were obtained from individuals recruited in the Miyagi Prefecture. In the present study, we added samples from individuals recruited in the Iwate Prefecture to our cohort, as well as samples from age-and sex-stratified random samples from external cohorts for comparison, namely, the Nagahama study [17, 18] and the Aki area from the JPHC-NEXT study [19] . WGS and SNP array genotyping were conducted for 136, 39, and 36 samples from the Iwate, Nagahama, and Aki cohorts, respectively. Participants from these cohorts provided written informed consent to undergo WGS in the collaboration studies. For the WGS, 2.5 μg of DNA was dissolved in TE buffer (Tris pH 8.0 10 mM, EDTA 1 mM) or distilled water (100 ng/μL). Aliquots of 500 ng were prepared for the SNP array analyses. Detailed WGS methods followed previous studies. [9, 20] SNP array genotyping was performed using Japonica arrays (Toshiba Corporation, Tokyo, Japan).
Construction of haplotype reference panel
The haplotype reference panel was constructed from WGS data. [9] We constructed an extended haplotype reference panel (1KJPN+ panel) consisting of newly sequenced samples from Iwate, Nagahama, and Aki cohorts using the method described previously, [9] in addition to the 1070 samples originally included in the 1KJPN panel. Variant calling with filtering and haplotype phasing were according to the methods used to construct the 1KJPN panel. [9] Briefly, read mapping and genotype calling were performed using Bowtie2 (version 2.1.0) [21] and Bcftools (version 0.1.17-dev) [22] , respectively. Sequence depth criteria for filtering unreliable genotypes were determined on an individual bases to realize genotype concordance between next-generation sequencing variant call data and SNP array call data as 99.8%. We then phased the genotypes obtained from WGS using the SHAPEIT2 program (version 2.r644).
[23] Cryptic relatives inferred through an identity by descent estimate (PI_HAT value > 0.125) were removed from the reference panel. PI_HAT values were calculated using the PLINK (version 1.9) program. [24] SNP array genotyping Genotype calling was conducted using the apt-probesetgenotype program in the Affymetrix Power Tools suite (version 1.18.2; Thermo Fisher Scientific Inc., Waltham, MA). Quality control (QC) criteria were set in accordance with the manufacturer's recommendations (dish QC ≥0.82; sample call rate ≥ 97%) and were met by all the samples. SNP-based QC was conducted using the Ps classification function in the SNPolisher package (version 1.5.2; Thermo Fisher Scientific Inc.). SNPs that were categorized as "recommended" by the Ps classification were retained. SNPs with call rate < 97.0%, Hardy-Weinberg equilibrium of p < 10 − 6 , or MAF < 0.5% were excluded from the downstream analysis.
